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Starobinsky’s Formalism =» The Proof (gr-qc/0505115)

* Exact field equation for scalar potential model on de Sitter
© L= —20,00,0g9" =g — V(®)y=g > d,[y=g g"'0,®] = V' (®)y=7
* Yang-Feldman equation
e O(t, %) = Do(t, %) — [d*x' =g (t', %) i0(t — t)[Py(t, X), Po(t', )] V'(P(t, %))

. Oy (t,7) = f(dg)g {u(t KeFEa®) + u*(t, k)e ~ik2 gt (k)

ek =gt ew ] = |1+ G +5G) 4]




Starobinsky’s Formalism = The Proof (gr-qc/0505115)

* IR truncation changes everything but preserves leading logarithms
 Every pair of ®,’s must contribute an IR log for leading logarithm order =» can IR truncate @, to ¢,

S d3k H izx 7 —ikR 7
© 9o(6,®) = [ 550(k — H)0(Ha— k) {We”‘ *a(k) + ot (i)}

(15t imaginary for commutator)

* 9(t,X) = o6, %) — [ d*x' % §3(% - ) V' (9(t', %)) = po(t, %) — o= Jy dt' V'(p(¢', %))

o @o(t,x) # ®y(t,x) = no UV divergences, ¢, & ¢, commute, but their correlators agree at leading log
order
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* Taking the time derivative gives Starobinsky’s Langevin equation!
© 9 =@y—=-V'(p) D 3H(— o) =—V'(p)
* Importance of every pair of free fields contributing an IR log to reach leading log order

* This fails for fields other than MMC scalars and undifferentiated gravitons
* Doesn’t work for photons, fermions, MCC scalars

* Even fails when some MMC scalars and gravitons are differentiated (cf. V16mG X hdohdh )



Explicit Computations Show Discrepancies
beyond Scalar Potential Models

e Order 1 contributions come from both UV & IR

° . . — HD F(D)
Exact dim. reg. gives (aﬂgb(x)avq')(x)) = “Yuv X 2(4m)D/2 1"(%4_1)

* Any purely IR stochastic result must be positive for u = v

 Simple rule for "GR + Fermions’’ deviates from Starobinsky’s (gr-qc/0802.2377)

e Renormalization matters

(ZH)D_4 )D—4-

(ua

* Primitive ( ) — Counterterm ( ) = —In (%) +O0(D —4)

* No stochastic formalism will recover these logs, but RG was designed to do it

* Crucial to stay focused on large logarithms
e Always check formalism against explicit computations



Distinguish between “Active” & “Passive” Fields

e Undifferentiated Actives can cause IR logs, Passives cannot
* MMC scalars & gravitons [h,, in g,, = a? (nw + Khw) ] are Active
 MCC scalars, fermions & photons are Passive

* Integrate out Passives & differentiated Actives for constant Active
* Induces scalar potential model for Actives =2 use Starobinsky formalism

* Constant Actives induce effective potentials three ways (at least):
* Through masses, Yukawa: —fpWPW¥/—g
* Through field strengths, Nonlinear Sigma: —f(A)ZGMBG\,Bg“"N/—g

* Through the Hubble constant, gravity: constant h,, corresponds to de Sitter different
H =» just change this parameter in the propagators



Distinguish between “Active” & “Passive” Fields

e Undifferentiated Actives can cause IR logs, Passives cannot
* MMC scalars & gravitons [hy,, in g, = a? (nw + Khw) ] are Active
 MCC scalars, fermions & photons are Passive

* Integrate out Passives & differentiated Actives for constant Active
* Induces scalar potential model for Actives = use Starobinsky formalism

* Constant Actives induce effective potentials three ways (at least):
* Through masses, Yukawa: —fpP¥./—g
* Through field strengths, Nonlinear Sigma: —f (4)#d, Bd,Bg"’\/—g

* Through the Hubble constant, gravity: constant h,, corresponds to de Sitter different
H =» just change this parameter in the propagators



Double Field Model/ Single Field Model VS. Matter loops to GR/ pure GR

* Same derivative interactions as gravity
* And same sorts of large logarithms but no indices and no gauge fixing issues

* Double Field Model
« L=—320,A0,Ag" =g —3(1+3 A) 9,B8,Bg"’ =g
 MMCS Corrections to Gravity (arXiv:2405.00116)

o« —i[HVEPT(x; x") @M ) WA@MM G

* Single Field Model
« L= ——(1 + = /1(1))26 Oo, gtV —g > P[V] = —[\/1 +A¥ — 1] for W free

* Unit S-matrix but interactions affect background and particle kinematics

e Pure Gravity (no dimensionally regulated & fully renormalized result yet)



Explicit computation : MMCS Loops to GR

» Effective field equation for linearized gravity (k* = 167G)

« LWVPIh,s(x) — [ d*x" [PVEPT](x; x")kh,ye (x) = 8TGTH (x)

* Used Schwinger-Keldysh formalism for real & causal field equations
* Gravitational radiation

+ Connj (6 %) = C2.(£,%) { * % In[a(t)] + 0(K4)}

* Response to THY = —55‘5(‘)’Ma63(x)
e ds? = —[1-2¥(t,r)]dt* + a?(t)[1 — 2®(¢t,7)]dx - dX

3K H2

GM 2 3 ZHZ
c Y(t, 1) = ;{1 3207:26127”2 — 1};%2 X In|aHr] + 0(1{4)}
GM 2 3 2H2
« O(t, 1) = —;{1 — 960;a2r2 — 1‘;%2 (InlaHr] + 1) + 0(1{4)}

* NB the negative sign
* Inflationary creation of scalars sucks energy from gravity



What We Did (approximation technique )in arXiv:2405.01024

* Integrated Scalars out of Einstein Equation at leading logarithm order

° Ruv o %g,uvR + %g,uvA — 87TG{au¢av¢ o %guvgpgaquaagb}
* Extended to a fully conserved form

* Explained 1-loop leading log results using variant of Renormlization Group

* Re-summed leading logarithm results to all orders

- (0) N _3GH2
* COin(ti x) — COin(t’ X) X [a(t)] 10T

M _3GH?
° qj(t, 7") - m X [a(t)HT‘] 10T
M 3GH?

¢ CI)(t,T) - — -

a(t)r

X a(t)Hr]| 1om

11 N v(X\)
' v 0
Gn(Z1,...,2zN: A1) = GN(Z1, ..., ZN; A o) X {—]



Integrating out differentiated fields

* Logs come from undifferentiated h,, =» constant §,, = n,, + khy,
* But g,, = a*gy, with constant g, is de Sitter with H* - —g°°H*!
F,upv - aH(5£5\9 + 556,19 ~Opg,uv) > Rauv - gOOHZ(éﬁgav o 6\?90u)
3H*

* Eg. Ty = 04900v0 —39v97° 0,900,0 — =[=3
* NB a negative contribution to the cosmological constant & arbitrarily large
e Explains the finite renormalization of A but none of the large logarithms

* Induced stress tensor only conserved at leading log order =» extend
2

AL = g

* Agrees with induced Ty for constant Juv

gives fully conserved T,

* Induced T},,, for QG more complicated
e But can reconstruct using solutions (explicit computations) for potentials (if not RG effects)



Curvature-Dependent Field Strength Renormalization

* 1-Loop C-terms: AL = ¢;R*\/—g + CZC“BV(SCaﬁy(S\/—g

WPr(3) -2 uP=*r(3) 2

T 1T Tenny2 (D—1)2(D-3)(D—-4) €2 = 8pDs2 (D+1)(D—1)(D—-3)?(D—4)

* R? induces a A-dependent renormalization of graviton field strength
R? = [R — DA)? + 2DA[R — (D — 2)A] + D(D — 4)A?
e C? does also from 03 (which surprised us!)

27172 2
O/ = D[Z(D — 1)C1 — CZ]KZHZ > — 0In(1+6Z) _ x“H* _ 3GH

— 9lIn(u?)  320m2 20w

* Cal an- Syman2|k Equation explains all three leading logs

0 0 (2) p - 3Kk2H?2
100 -+ ,BG pye - 2)/] G\ (x;x')=0 ( —— X In[a(t)])

* B; = 0 (at this order) and factors of In(u) are really In (g;)

n N~(A\)
Gn(xy, ..o ) =Gy, ..o, en; A o) X [l_L]



A variant of RG group

* Callan-Symanzik Equation
. [,u% + ,8% + ZyB] Pg(t,r) =0 and Py(t,r) - ﬂln(Hr) + 0(A%)

2 2
o ‘u—>l > PB(t,r)e%ln(Hr){l—SH 1n(H7‘)+0(7\4)}
_19ra _1 oy 0 ad
“au-)ra— Tﬁ%ar_r( r )ar_ "or

j

" in(Hr) + 0@4)}]

= —r X ——ln(Hr) X ( 6n2)

r 41
A2H?
e 2y X Py(t,7) = 2 X ( mz) [—ln(Hr) {1 ~

= (— )\ZHZ) X Eln(Hr)

16712

AZH?2




Differences between Matter + GR and Pure GR

* The same hy,,, provide the Langevin kinetic term fzw — Xuvand the induced
potential out of dhy,,

e Strange but true: check against the explicit computation in single field model
{4 A . > 3 A N2 ... A A v 5

c (1420) 0, [(1+30) =g a,0|> —3Ha? (1+50,) (@ — o) + (1 +300) 0 [5v=g9" 0, (0] @2|0)|

* Background changes n,,,, — g, " gauge fixing changes
1 1
¢ Old: Loz = =3 AP M EE, , F, =177 |hype — > hpoy + (D — 2)aH by, 62)]
~ 1 PR _ 1

e New: L. = ——aD ‘GgMEF,  E, = gP° [hup,a —hpou + (D — Z)aHhﬂp(Sg]

e Ghost contributions



Graviton propagator in g,,, backgrouna

N —N? 4y N*N®  —yjN YieN*N?  —yjN* _(—N) (—N) o
v T - - v 1%
3 _VLka Vij _yika Vij 0 u 0/, : :
1 N/ INFA /1Y
v _ | N2 N2 _(0 0 N N o
I W ij NN (0 Vij) N =7 o
vz VTN N N
H? 500 2

— — A vV g2 — —
=—-1=g,u*u’, H =Z==J

° _N5l9: uk , ubt = _Ng”oﬂ , gﬂvuuuv
* New GR propagator takes the same expression but Replace 7,5 With y43. iA,(x; x'): replace H with H

2 [a,ﬁﬁpa} (r:2") = [ Vo(pTo)8 — D3 Va7 ]?ZAA(I:I’)
—4 U 5y le) 1AR (; 2)

) [(D — 3)u upg + ";r-'aﬁ] [(D — 3)u,u, + ";r-'po] iNe (22!

2

-
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Rules for the leading log egn. & induced stress tensors
CE =t G |ina
WILLog

Sh
LHS (dropping unimportant terms):

Temporal changes on the fields are much slower than the one on a(t)

- E.g. % la®h,,| @ 3Hah,, & drop a®hy,

Only keep the first time derivative on the field & subtract it with stochastic jitter
* .8 00l + ghyy P 69| Ny — X ]
RHS (integrating out differentiated fields):

- A /
hoprhses —> 0,051 [apAﬁg} (z;2")

z=x'

: A /
hop~hse — Oy [QPAI.SJ} (z;2")

r=z'



Example

Liny + ZGF = L0034+ Lys5 + Lg

o~ o~ -]N —~
£l—|—2+3 — a / a 0' vo

1 1 2 772
X {_ Ehfo:p;}- h{,ﬁaﬁ + gh@ﬁ;}: hfpa._(? +a"H hf'}-puah(?auﬁ}

_1\/_{ 3 ~00 |:~p,uf(va.v o 2Jpcr':}ju.v:| [;lpcr o ng] + 2?]2u(uﬂ(jr/)(cxuﬁ)haﬁ
. —=rH?

+ f{f]:z |:% Ej,t.gr/u(cx’:qiﬁ)(puo) . 2u(p.§r/)(a"gfﬁ)(pucr) o u(cxf(jﬁ)(pgr/)(pucr]] h(xﬁhpo} — a —q 3
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Some remarks

* Inflationary production of MMC scalars & gravitons induces large logs
* Eventually overwhelm small couplings = perturbation theory breaks down
e Can change force laws & evolution of the backgrounds even at late times

* Leading Logarithm Resummation is accomplished by
e A variant of Starobinsky formalism and a variant of RG

Pure GR

* R?, C? counterterms are gauge dependent:
* Need 1-loop computation in constant §,,, gauge =» a variant of RG technique

* Check the induced-graviton stress tensor:
* compute the 1-loop, 1-point function in g,,, =const. for pure GR

* Check 1-loop stochastic RG predictions:
e Compute 2-point function of graviton (dimensionally regulated and BPHZ renormalized)
* Solve the linearized Einstein equation with graviton self-energy in a new gauge

* Reorganized the Langevin equation to distinguish h;; from hy ),
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